State-of-the-art ab initio techniques have been applied to compute the potential energy curves of the (BaRb) + molecular ion in the Born-Oppenheimer approximation for the singlet and triplet states dissociating into the ground state 1 S Rb + ion and the Ba atom in the ground 1 S state, the lowest singlet or triplet D excited states, and for the singlet and triplet states dissociating into the ground state 2 S Rb atom and the ground state 2 S Ba + ion. The ground state potential energy was obtained with the coupled cluster method restricted to single, double, and nonperturbative triple excitations. The first triplet states in the Σ, Π, and ∆ symmetries were computed with the restricted open-shell coupled cluster method restricted to single, double, and nonperturbative triple excitations. All other excited state potential energy curves were computed using the equation of motion approach within the coupled-cluster singles, doubles, and linear triples framework.
triple excitations. All other excited state potential energy curves were computed using the equation of motion approach within the coupled-cluster singles, doubles, and linear triples framework.
The long-range coefficients describing the electrostatic, induction, and dispersion interactions at large interatomic distances are also reported. The electric transition dipole moments governing the X 1 Σ → 1 Σ, 1 Π have been obtained as the first residue of the polarization propagator computed with the linear response coupled-cluster method restricted to single and double excitations. Nonadiabatic radial and angular coupling matrix elements, as well as the spin-orbit coupling matrix elements have been evaluated using the multireference configuration interaction method restricted to single and double excitations with a large active space. With these couplings, the spin-orbit coupled (relativistic) potential energy curves for the 0 + and 1 states relevant for the running experiments have been obtained. Finally, relativistic transition moments and nonadiabatic coupling matrix elements were obtained from the nonrelativistic results and spin-orbit eigenvectors. The electronic structure input has been employed in the single channel scattering calculations of the collisional cross sections between the Ba + ion and Rb atom. Both nonrelativistic and relativistic potentials were used in these calculations. Our results show that the inelastic cross section corresponding to the charge transfer from the Rb atom to the Ba + ion is much smaller than the elastic one over a wide range of energies up to 1 mK. This suggests that sympathetic cooling of the Ba + ion by collisions with ultracold Rb atoms should be possible.
I. INTRODUCTION
Nowadays an increasing number of experimental groups worldwide start to work with hybrid systems involving cold or ultracold trapped atoms and ions [1] [2] [3] [4] [5] . Apart from the fundamental interest in the physics of atom-ion collisions in the quantum regime [6] [7] [8] , these new systems are very attractive from the point of view of quantum information processing [9, 10] , studying many-body effects of ion impurities [11] , or creation of the molecular ions [12] . One type of ongoing experiments is focused on studying the collisional processes in [3] [4] [5] . In such experiments the ultracold cloud of atoms is prepared using standard cooling and trapping techniques, while the ion is laser cooled separately in RF trap and later overlapped with the Bose-condensed atoms. The atom-ion collisions can lead to further sympathetic cooling of the ion, but the net cooling effect depends on the interplay of (i) the two-body collisional properties, (ii) the micromotion of the ion due to the time-dependent RF potential, (iii) the collective phenomena resulting from the coherent properties of the condensate additionally modified by the presence of an ionic impurity. In this paper we perform a first step towards understanding the sympathetic cooling process of Ba + ion with Rb atoms, by calculating highly accurate molecular potentials and determing the single channel elastic, spin-exchange and charge-transfer collision rates.
In a recent paper Makarov et al. [13] performed ab initio and dynamical calculations on the (CaNa) + molecular ion. The results of these calculations suggest that the milliKelvin regime of collisional cooling of calcium ions by sodium atoms is very favorable, with the rate coefficient for charge transfer from the Na atom to the Ca + ion several orders of magnitude smaller than the rate for elastic and spin-exchange collisions. This strongly suggests that sympathetic cooling of ions by collisions with ultracold atoms should be possible. This system was further studied in the ultracold regime in Ref. [8] within the multichannel quantum defect formalism. In the present paper we investigate the possibility of sympathetic
cooling for yet another system of experimental interest [5] : Ba + ions cooled by collisions with ultracold Rb atoms.
Theoretical modeling of collisions in the ultracold regime requires a lot of care [14] [15] [16] [17] [18] .
First of all, the electronic states involved in the dynamics must be computed with the state-of-the-art methods of quantum chemistry. In particular, these methods should be size-consistent in order to ensure a proper dissociation of the molecular state, and must sufficiently account for the electronic correlation. Moreover, any information on the longrange asymptotics of the potentials is very important. Finally, all couplings between the molecular states, both those resulting from the spin-orbit interaction and from the nonadiabatic effects, should be considered. Having the electronic structure results at hand, exact quantum-dynamical calculations should be performed to get the cross sections and collisional rates.
In a recent series of papers Knecht et al. [19, 20] reported nonrelativistic, scalar relativistic, and fully relativistic ab initio potential energy curves for the (BaRb) + molecular ion.
Unfortunately, the approach adopted in these papers is not size-consistent, so the results at large internuclear distances may not be accurate enough. Moreover, excitations in the wave function beyond the doubles levels were included only for the simplest single reference closed-shell and high-spin states. Also, the transition moments between states, necessary to model the radiative charge transfer process from the Rb atom to the Ba + ion, were not computed. Finally, the nonadiabatic coupling matrix elements between different molecular states were not considered. We believe that such a level of ab initio calculations is not sufficient to properly model ultracold collisions in the (BaRb) + molecular ion. Therefore, in the present paper we report state-of-the-art ab initio potential energy curves for the (BaRb) + molecular ion in the Born-Oppenheimer approximation for the singlet and triplet states dissociating into the ground state 1 S Rb + ion and the Ba atom in the ground 1 S state, the lowest singlet or triplet D excited states, and for the singlet and triplet states dissociating into the ground state 2 S Rb atom and the ground state 2 S Ba + ion, electric transition dipole moments, nonadiabatic and spin-orbit coupling matrix elements. Except for the spin-orbit coupling and some nonadiabatic coupling matrix elements, all the results were obtained with size-consitent methods based on the coupled cluster ansatz including triple excitations. The nonrelativistic results are transformed to the relativistic basis, thus allowing to judge the importance of the relativistic effects, and to use our data in quantum dynamical calculations both within the Hund's case (a) and (c). Finally, we report single channel calculations of the elastic, spin-flip, and charge transfer cross sections. This will allow us to obtain the ratio of inelastic to elastic cross sections at various temperatures, and thus give a first estimate of the efficiency of the sympathetic cooling of the barium ion by collisions ultracold rubidium atoms.
The plan of this paper is as follows. In Sec. II we introduce the theoretical models used in our calculations. We start this section with a description of the methods used in ab initio calculations of the Born-Oppenheimer potential energy curves and electric transition dipole moments for (BaRb) + . We continue with the calculations of the nonadiabatic and spin-orbit coupling matrix elements, and of the relativistic potentials. The choice of fixing the longrange coefficients at their ab initio values is also addressed. The remaining part of this section is devoted to the second step of the Born-Oppenheimer approximation, i.e. to dynamical calculations of the elastic, spin-flip, and charge transfer scattering cross sections. Numerical results are presented and discussed in Sec. III. We start this section with the discussion of the ground and excited states potentials. Next we turn to the nonadiabatic coupling matrix elements and electric transition dipole moments. The effects of the spin-orbit coupling on the potentials, transition moments, and nonadiabatic coupling matrix elements are also addressed. Whenever possible, our theoretical results are compared with the available ab initio data [19, 20] . Once the results of the electronic structure calculations are presented and discussed we turn to the problem of producing cold barium ions. We present the results for the elastic, spin-flip, and charge transfer cross sections for both the nonrelativistic and relativistic potentials, and discuss the efficiency of the sympathetic cooling leading to cold barium ions. Finally, in Sec. IV we conclude our paper.
II. COMPUTATIONAL DETAILS A. Electronic structure calculations
When dealing with collisions at ultra-low temperatures the accuracy of the potential in the long range is very important. Therefore, the methods used in the calculations should be size-consistent in order to ensure a proper dissociation of the electronic state, and a proper long-range asymptotics of the potential. In the present paper we adopt the computational scheme successfully applied to the ground and excited states of the calcium dimer [14] [15] [16] [17] [18] .
The potential energy curves for the ground and excited states of the (BaRb) + molecular ion have been obtained by a supermolecule method:
where E SM AB denotes the energy of the dimer computed using the supermolecule method SM, and E SM X , X=A or B, is the energy of the atom X. For the ground state potential we used the coupled cluster method restricted to single, double, and noniterative triple excitations, CCSD(T). For the first triplet states of the Σ, Π, and ∆ symmetries we employed the restricted open-shell coupled cluster method restricted to single, double, and noniterative triple excitations, RCCSD(T). Calculations on all other excited states employed the linear response theory (equation of motion) within the coupled-cluster singles, doubles, and linear triples (LRCC3) framework [21, 22] . Note that the second and higher triplet states and all excited singlet states are open-shell systems that cannot be described with a single high-spin reference function, so one has to resort to methods especially designed to describe open-shell situations [23] . The CCSD(T) and LRCC3 calculations were performed with the dalton program [24] , while RCCSD(T) calculations were done with the molpro suite of codes [25] .
It is interesting to note at this point that even though (BaRb)
+ is effectively a two-electron system, triple excitations are very important. A more detailed discussion of this point will be presented in sec. III. In principle we could use the LRCC3 method to obtain all the excited state potentials in any symmetry. However, the LRCC3 method is computationally more expensive than the RCCSD(T) approach, so we decided to use the latter when possible.
However, we have checked for a few points that the RCCSD(T) and LRCC3 results for the (1) 3 Σ, (1) 3 Π, and (1) 3 ∆ are very close.
The long-range asymptotics of the potentials is of primary importance for cold collisions.
Therefore, for each state we have computed the leading long-range coefficients describing the electrostatic, induction, and dispersion interactions. For the ground X 1 Σ state dissociating into Rb + ( 1 S)+Ba( 1 S) and for the first excited singlet and triplet states dissociating into the Ba + ( 2 S)+Rb( 2 S) the leading long-range asymptotics at large internuclear distances R reads:
where the long-range coefficients C are given by the standard expressions (see, e.g. Refs. [28, 29] ) that can be derived from the multipole expansion of the interatomic interaction operator. The long-range induction and dispersion coefficients were computed with the recently introduced explicitly connected representation of the expectation value and polarization propagator within the coupled cluster method [30, 31] , and the best approximation XCCSD4 proposed by Korona and collaborators [32] . For the singlet and triplet states dissociating into Ba + ( 2 S) ion and Rb( 2 S) ion the induction coefficients were obtained from finite-field RCCSD(T) calculations, while the dispersion coefficient from the sum-over-state expression with the transition moments and excitation energies computed with the multireference configuration interaction method limited to single and double excitations (MRCI). Specifically, the transition moments and excitation energies of the Ba + ( 2 S) ion were obtained in this way, while the Rb polarizability at imaginary frequency was taken from highly accurate relativistic calculations from the group of Derevianko [35] .
For the molecular states of the (BaRb)
long-range asymptotics of the potentials is slightly more complicated and reads:
where the new terms appearing in the expression above describe the long-range chargequadrupole (C 
In these equations the expression in round brackets is a 3j symbol, for the Σ, Π, and ∆ states are not independent, and are connected one to the other by the following relations:
Note parenthetically that all coefficients that lead to attractive interactions (induction and dispersion terms) are assumed to be positive, while the electrostatic constants may result in both attractive and repulsive interactions, so they enter with their true sign. 
where r i denotes the ith component of the position vector , while Ψ X AB and Ψ exc AB are the wave functions for the ground and excited states, respectively. Note that in Eq. (10) i = x or y corresponds to transitions to 1 Π states, while i = z corresponds to transitions to 1 Σ states.
In the present calculations the electric transition dipole moments were computed as the first residue of the LRCCSD linear response function with two electric, r, operators [21] . In these calculations we have used the dalton program [24] . We have evaluated the dependence of the transition dipole moments with the internuclear distance for the same set of distances as the excited state potential energy curves.
As will be shown in the next section the electronic states of the low lying excited states of the (BaRb) + molecular ion show strong nonadiabatic couplings. Therefore, in this work we have computed the most important radial
and angular
coupling matrix elements. In the above equations ∂/∂R and L + denote differentiation with respect to the internuclear distance and the electronic angular momentum operator, respectively. Note that the radial operator couples states of the same multiplicity and symmetry, while the electronic angular momentum operator couples states with Λ differing by one. In the present calculations the angular coupling between the singlet states was computed as the first residue of the LRCCSD linear response function with two angular momentum operators L [21] . In these calculations we have used the dalton program [24] .
All other nonadiabatic couplings were obtained with the MRCI method and the molpro code [25] . We have evaluated the dependence of the nonadiabatic coupling matrix elements with the internuclear distance for the same set of distances as the excited state potential energy curves.
Barium and rubidium are heavy systems, so the electronic states of the (BaRb) + molecular ion are strongly mixed by the spin-orbit (SO) interactions. Therefore, in any analysis of the collisional cross sections between Ba + and Rb the SO coupling and its dependence on the internuclear distance R must be taken into account. We have evaluated the spin-orbit coupling matrix elements for the lowest dimer states that couple to the 0 + and 1 states of (BaRb) + , with the spin-orbit coupling operator H SO defined within the Breit-Pauli approximation [36] . The spin-orbit coupling matrix elements have been computed within the MRCI framework with the molpro code [25] . The full spin-orbit Hamiltonian has been used in the calculations, i.e. both the one-and two-electron spin-orbit integrals were included. Having the spin-orbit coupling matrix elements at hand, we can build up the matrices that will generate the potential energies of the spin-orbit states that couple to 0 + and 1 symmetry.
The matrix for the 1 states writes:
while the matrix for the 0 + states is given by:
Diagonalization of these matrices gives the spin-orbit coupled potential energy curves for the 1 and 0 + states, respectively. Note that all potentials in the matrices (13) and (14) were taken from CCSD(T), RCCSD(T), and LRCC3 calculations. Only the diagonal and nondiagonal spin-orbit coupling matrix elements were obtained with the MRCI method.
Once the eigenvectors of these matrices are available, one can easily get the electric dipole transition moments and the nonadiabatic coupling matrix elements between the relativistic states.
Finally, the long-range coefficients corresponding to the relativistic potentials were obtained by diagonalizing the matrices of Eq. (13) and (14) with the potentials expanded according to Eqs. (2)- (3) and the spin-orbit coupling matrix elements fixed at the atomic values. Note that unlike in the case of resonant interactions between like atoms [43] , the SO coupling does not change the leading power in the asymptotic expansion of the interaction energy, but only changes the numerical values of the coefficients. One should also note that the atomic SO coupling does not change in our model the long-range coefficients for the
In order to mimic the scalar relativistic effects some electrons were described by pseudopotentials. For Ba and Rb we took the ECP46MDF [44] and ECP28MDF [45] pseudopotentials, respectively, from the Stuttgart library. For both barium and rubidium we used the spdf g quality basis sets suggested in Refs. [44, 45] . The full basis of the dimer was used in the supermolecule calculations and the Boys and Bernardi scheme was used to correct for the basis-set superposition error [47] .
It should be stressed at this point that the ab initio results reported in the present paper obtained by the ab initio methods described above will allow to perform dynamical calculations of the cross sections in the nonadiabatic, multichannel regime, both in the Hund's case (a) (nonrelativistic states, SO and nonadiabatic couplings, and transition moments) and (c) (relativistic potentials, nonadiabatic couplings, and transition moments), cf. Ref. [46] .
Finally, to conclude this section we would like to emphasize that almost all ab initio results were obtained with the most advanced size-consistent methods of quantum chemistry:
CCSD(T), RCCSD(T), and LRCC3. Only the SO coupling matrix elements and nonadiabatic matrix elements were obtained with the MRCI method which is not size consistent.
Fortunately enough, all of the couplings are important in the region of the curve crossings or avoided crossings and vanish at large distances, so the effect of the size-inconsistency of MRCI on our results should not be drammatic.
B. Dynamical calculations
In collisions of the Ba + ( 2 S) ion with Rb( 2 S) atom we have basically three types of processes: elastic scattering in the singlet and triplet potentials, spin-flip (spin-exchange) process, and the inelastic radiative charge transfer from the singlet and triplet manifolds of Ba + Rb to the ground state of BaRb + . In the present paper we restrict ourselves to single channel calculations. A more detailed multichannel treatment will be presented elsewhere.
To compute the elastic cross sections we need to solve the radial Schrödinger equation
for the relative motion of the Ba + ion and Rb atom at an energy E:
subject to the following normalization conditions:
where Ψ EJ (R) is the scattering wave function, µ is the reduced mass of the (BaRb) + ion, and V (R) stands for the interaction potential of Ba + ( 2 S) with Rb( 2 S) in the singlet or triplet manifold. Note that the normalization condition of Eq. (16) is equivalent to the following large-R behavior of the wave function Ψ EJ (R),
where δ J (E) denote the phase shift corresponding to the J partial wave, and the wave vector k is given by the standard expression, E = 2 k 2 2µ
. Equation (15) subject to the normalization condition (16) allows us to compute the cross sections for the elastic and spin-flip collisions from the standard expressions:
where the superscripts "s" and "t" on σ el and δ J pertain to the singlet and triplet potentials, respectively. Note that an exact description of the spin-flip process would require at least two coupled channels, so the expression (19) is only approximate [37] . It is derived under assumption that the hyperfine splittings are much smaller than the collision energy. However, it was shown to work relatively well, even at low energies [38, 39] .
Theoretical description of the charge transfer process between the atom and the ion is somewhat more ellaborate. To the first-order of perturbation theory the radiative charge transfer can be described by the following Fermi golden type expression [40] :
where the Einstein coefficient A(E) is given by:
where the primed and double primed quantities pertain to the excited and ground state potentials, respectively, µ(R) is the transition moment from the ground to the excited electronic state, α = 1/137.035999679(94) is the fine structure constant, e is the electron charge, and the Höhn-London factor
and to J ′ /(2J ′ + 1) for the R branch (J ′ = J ′′ + 1). Here, ε stands for the energy difference
where ∆ IP is the difference of the ionization potentials. The scattering wave functions appearing in the expression (21) are solutions of Eq. (15), while the bound-state wave functions fulfill the following Schrödinger equation:
where V (R) stands for the ground state potential of the (BaRb) + molecular ion.
A significantly simpler approach proposed in Ref. [41] approximates the sum over all continuum and bound states in Eq. (21) with a simple average of a space-varying Einstein coefficient over the initial scattering wave function Ψ E ′ J ′ :
and δV (R) is the difference between the excited and ground state potentials.
III. NUMERICAL RESULTS AND DISCUSSION
A. Nonrelativistic potential energy curves and spectroscopic characteristics of the ground and excited states
Calculations were done for the ground state and first eight (four singlet and four triplet) The ground X 1 Σ state of the (BaRb) + molecular ion is a strongly bound state with the binding energy of 5136 cm −1 . The minimum on the potential energy curve for this state appears at a relatively large distance R e = 8.67 bohr. The origins of the binding can be explained by using the symmetry-adapted perturbation theory of intermolecular forces (SAPT) [28, 29] . As could be guessed, the interaction energy at the minimum results from a subtle balance of the induction attraction and exchange-repulsion. The induction energy is huge, -14499 cm −1 , but is strongly quenched by the exchange-repulsion term, 10068 cm −1 .
The electrostatic contribution due to the charge overlap of the unperturbed electron clouds of Ba and Rb + , -554 cm −1 , and dispersion term, -598 cm −1 is of minor importance, again in agreement with our intuition.
An inspection of Fig. 1 shows that the potential energy curves for the excited states of the (BaRb) + molecular ion are smooth with well defined minima. The potential energy curves of the (2) and (3) 1 Σ show an avoided crossing. The potential energy curves of the (2) 1 Σ and (2) 3 Σ states exhibit a double minimum structure. The double minimum on the potential energy curve of the (2) 1 Σ state is due to the interaction with (3) 1 Σ state.
Other double minimum structure can be explained from the long-range theory and will be discussed below. Some potential energy curves show maxima. These are due to the firstorder electrostatic interactions in the long range, and will also be discussed in more details in sec. III B. Except for the shallow double minima structure of the (2 Before comparing our results with the ab initio data reported in Refs. [19, 20] let us stress the importance of the triple excitations in the wave functions for some states. This point is illustrated in Fig. 2 Let us compare our results with other available ab initio data [19] . The spectroscopic constants are listed in Table I and compared with the results of Ref. [19] . Unfortunately, Knecht et al. [19] did not report the binding energies D e of the molecular states, but only the values of the electronic term values T e taking the minimum of the ground state as zero of energy. An inspection of Table I shows that the agreement with the data of Knecht et al.
[19] is relatively good, given the fact that their results were obtained using the internally the present results and the data of Ref. [19] is the (1) 1 Π state. Here, the difference in the position of the minimum is 0.6 bohr, and the difference in T e is as much as 3300 cm −1 .
The double minimum structure of the (2 by the same Authors in Ref. [20] are in a much better agreement with the present data, cf.
sec. III C. 
It is gratifying to note that the MRCI method used in the calculations of the radial coupling and angular couplings between the triplet states quite precisely located the regions of the avoided crossing and curve crossing despite the fact the latter were determined from the RCCSD(T) and LRCC3 calculations. This suggests that the computed nonadiabatic coupling matrix elements are reliable, at least around of the crossings.
The electric dipole transition moments between the ground state and the three excited 
where A 0 = 3/2 √ 5 and
C. Spin-orbit coupling and relativistic potential energy curves, nonadiabatc cou- remain unchanged, and as it will be shown below it changes quite a lot at small internuclear distances. The same is true for the (2) 1 Σ state.
The diagonalization of the spin-orbit Hamiltonian matrices, Eqs. (13) and (14) symmetries, the effect of the spin-orbit coupling is very pronounced. Indeed, comparison of Fig. 1 and Fig. 6 shows that the behavior of some relativistic curves is drastically modified compared to the nonrelativistic case.
In Table II we report the spectroscopic constants of the relativistic states and compare them with the available ab initio data of Ref. [20] . An inspection of this Table shows that the agreement between the present results and the data of Ref. [20] is excellent for the dissociations Ba( the differences in the well depths are of the order of 8% to 13%, and mostly reflect the lack of triple excitations in the calculations of Ref. [20] . We would like to stress, however, that the overall pictures of the relativistic states in the present paper and in Ref. [20] agree quite well.
As in the nonrelativistic case, in the relativistic picture states of the same symmetry do not cross, while states of different symmetries can cross. Given the complicated pattern of the molecular states, cf. When describing cold collisions between atoms it is crucial to ensure the proper longrange asymptotics of the interaction potential. The long-range coefficients describing the asymptotics of the nonrelativistic potentials are reported in Table III . An inspection of this is modest, but not negligible, of the order of 5% to 20%. The induction and dispersion coefficients are always positive, so they describe the attractive parts of the potentials. The electrostatic coefficients differ in sign depending on the state considered and are responsible for the appearance of barriers and long-range minima on the potential energy curves. This is illustrated on the left pannel of Fig. 8 , where it is shown how the long-range asymptotics nicely fits the ab initio points. It is worth noting that the quadrupole moments are extremely sensitive to the electronic correlation.
For instance, the value of C by as much as 44%. Surprisingly enough, such an effect is not observed for the hexadecapole moment.
Here, the C elst 5
at the LRCC3 and LRCCSD differ by only 6%.
The long-range coefficients describing the large R asymptotics of the relativistic states are presented in Table IV . As discussed in III C in the atomic limit there is no spin-orbit coupling between the ground X 1 Σ, (1) 3 Σ, and (2) 1 Σ states with other states, so the long-range coefficients of the (1)0 + , (1)1, and (2)0 + states remain unchanged in this approximation.
An inspection of coefficient for the (2)1 state is zero. This is not fortuitous, but only reflects the fact that the hexadecapole moment of an atom in a 3 D 1 state is identically zero. Again, the signs of the electrostatic coefficients are responsible for the barriers and long-range minima, cf. the right pannel of Fig. 8 .
E. Elastic cross sections, spin-exchange, and radiative charge transfer
Thus far we have discussed the results of the electronic structure calculations. Now, we turn to the problem of sympathetic cooling of cold barium ions, and present the results for the elastic, spin-flip, and charge transfer cross sections for both the nonrelativistic and relativistic potentials. In Fig. 9 we report the elastic cross sections in the singlet and triplet manifolds, the spin-flip cross section, and the charge transfer cross section from the ( to the nonrelativistic (1) 3 Σ value, but most of the features, resonance structure and glory interference effects, are almost the same. By contrast, the energy dependence of the elastic cross section in the (2)0 + potential is very different from that presented in Fig. 9 for the nonrelativistic potential. We note that the Wigner's limit is very different, and the resonant structure, glory ondulation, and all details at higher energies changed drastically.
For instance, the scattering lengths for the (2)0 + and (1) The charge transfer cross section from the (2)0 + state is significantly larger, but again is several orders of magnitude smaller than the elastic one over all the range of temperatures considered in our work. In particular, in the milliKelvin regime, the inelastic events are six orders of magnitude less probable than the elastic. Thus, the relativistic calculations confirm the conclusions from the nonrelativistic case that the sympathetic cooling of the barium ion by collisions with ultracold rubidium atoms will be very efficient.
We would like to conclude this section by saying that the present single channel calculations strongly suggest that the sympathetic cooling of the barium atom by collisions with ultracold rubidium atoms should be very efficient in the temperature range up to milliKelvin. The analysis presented here neglects the effect of the hyperfine splittings which are important at low collision energies. Thus, our single channel analysis performed in terms of singlet and triplet properties is only approximate at ultracold temperatures, and the actual collision rates will depend on the hyperfine spin states of the atom and ion. Moreover, other inelastic processes due to the presence of other channels could enter the game, and final conclusions can be presented only when full multichannel calculations are performed. Work in direction is in progress [53] .
IV. SUMMARY AND CONCLUSIONS
In this paper we have reported theoretical prospects for the symphatetic cooling of the barium ion by collisions with the ultracold buffer gas of rubidium atoms. Potential energy curves for the ground X 1 Σ state of the (BaRb) + molecular ion corresponding to the state. The (BaRb) + molecular ion shows a lot of low-lying molecular states, and the corresponding potential energy curves were computed as well. Using the molecular spin-orbit coupling matrix elements relativistic potential energy curves were obtained. The asymptotics of the nonrelativistic and relativistic potentials was fixed with long-range coefficients calculated from C 3 up to and including C 6 . A good understanding of the dynamics in the (BaRb) + system requires the knowledge of the nonadiabatic (radial and angular) coupling matrix elements, which were calculated as well. Finally, the electric dipole transition moments from the ground state were computed. Based on the above ab initio electronic structure calculations, single channel dynamical calculations of the elastic, spin-exchange, and inelastic cross sections for the collisions of the Ba + ( 2 S) ion with the Rb( 2 S) in the energy range from 0 to 1 mK were performed, using both the nonrelativistic and relativistic potentials. It was found that the elastic processes are a few orders of magnitude more favorable that the inelastic ones. Thus, we can conclude our paper by saying that the sympathetic cooling of the barium ion by the buffer gas of ultracold rubidium atoms should be very efficient taking into account the two-body collisional properties of Rb and Ba + . 
